INTRODUCTION
Rhenium-osmium (Re-Os) geochronology has been successfully developed to ascertain the depositional age of organic-rich sedimentary rocks (Ravizza and Turekian, 1989; Cohen et al., 1999; Creaser et al., 2002; Selby and Creaser, 2005a; Kendall et al., 2009a,b; Xu et al., 2009; Rooney et al., 2010 Rooney et al., , 2011 Georgiev et al., 2011; Cumming et al., 2012) . The application of Re-Os geochronology to crude oil and solid bitumen deposits has yielded ages interpreted to reflect the timing of oil generation or migration (Selby and Creaser, 2005b; Selby et al., 2005; Finlay et al., 2011) . However, we do not fully understand the elemental and isotopic behavior of Re and Os in the transfer from source rocks to petroleum, although hydrous pyrolysis experiments of source rocks have provided some insights into the process (Rooney et al., 2012) . Previous Re-Os crude oil and bitumen studies have investigated hydrocarbons that are weakly to heavily biodegraded and suggest that biodegradation does not affect the Re-Os systematics in petroleum (Selby and Creaser, 2005b; Selby et al., 2005) . However, the effects of other secondary processes, such as thermal cracking and thermochemical sulfate reduction (TSR) on Re-Os systematics in petroleum have not been established.
In this study we apply Re-Os geochronometry to crude oils of the Permian Phosphoria petroleum system from the Bighorn Basin in Wyoming and Montana (Fig. 1) , to determine whether the radiogenic age reflects the timing of petroleum generation, timing of migration, age of the source rock, or the timing of secondary petroleum alteration, with a particular focus on the effects of TSR. , oil fields (green), basin outline, top of Cloverly Formation structure contours (5000 ft intervals), major faults (red), and county boundaries Roberts et al., 2008) . Stratigraphic column (after Fox and Dolton, 1996) showing reservoirs containing Phosphoria-sourced oil (green circles), with enlargement showing the members of the Phosphoria Formation (after Piper and Link, 2002) . Absolute ages of stages are from Gradstein et al. (2004) .
Utah, USA (Barbat, 1967; Sheldon, 1967; Stone, 1967) . Two members of the Phosphoria Formation, the Meade Peak Phosphatic Shale Member and Retort Phosphatic Shale Member, are organic-rich oil-prone source rocks and are considered to be the main sources of oil in the Phosphoria petroleum system (Claypool et al., 1978; Maughan, 1984) . Phosphoria oils in the Bighorn Basin of Wyoming and Montana are produced predominantly from the Pennsylvanian Tensleep Sandstone and Permian Phosphoria Formations, but are also found in Cambrian through Lower Cretaceous units (Fig. 1) . The oil is predominantly trapped in structures formed by the Late Cretaceous to Eocene Laramide orogeny.
Permian paleogeographic reconstructions show that the Phosphoria basin was located in eastern Idaho and western Wyoming (Maughan, 1984; Peterson, 1988; Piper and Link, 2002) , and developed as a restricted marine basin with upwelling-associated high biological productivity that formed oil-prone source rocks. Along the eastern margin of the basin, porous shelf carbonates developed while farther east impermeable evaporites were deposited in the Goose Egg basin (central and eastern Wyoming).
Oil was generated in the Phosphoria basin in eastern Idaho and western Wyoming as a result of burial by the subsequent deposition of Mesozoic sediments (Claypool et al., 1978; Maughan, 1984) , although some oil generation may have been influenced by the development of the IdahoWyoming-Utah thrust belt (Edman and Surdam, 1984; Burtner and Nigrini, 1994) . The oil migrated eastward along regional dip, was trapped in a regional stratigraphic trap (or series of traps) by the up-dip impermeable evaporites of the Goose Egg Formation, and then re-migrated into structural traps formed by the Laramide orogeny (Campbell, 1956; Cheney and Sheldon, 1959; Campbell, 1962; Sheldon, 1963) . Generation and migration occurred prior to the Maastrichtian (Late Cretaceous; $70 Ma) because the tectonic barriers from the Laramide orogeny later blocked the migration pathways into successor basins such as the Bighorn Basin (Barbat, 1967; Sheldon, 1967; Stone, 1967) . Proposed timing of the beginning of oil generation and migration from eastern Idaho and western Wyoming ranges from Late Triassic to Late Cretaceous (Sheldon, 1967; Stone, 1967; Claypool et al., 1978; Edman and Surdam, 1984; Maughan, 1984; Burtner and Nigrini, 1994) .
In present-day successor basins such as the Bighorn and Wind River Basins, the Phosphoria Formation consists mainly of porous shelf carbonates which provide excellent reservoir rocks. However, the Meade Peak and Retort Members of the Phosphoria Formation are generally thin, and a limited number of total organic carbon (TOC) analyses of the formation in the Bighorn Basin are reported to be less than 1 wt.% TOC (Claypool et al., 1978; Maughan, 1984) . A few Phosphoria core samples from wells along the western margin of the Bighorn Basin (east of Four Bear field, Fig. 1) have TOC values over 3 wt.% and hydrogen index values over 700 mg hydrocarbons/g organic carbon (USGS unpublished data). Some workers have proposed locally derived Phosphoria oils for the Bighorn Basin (Price, 1980; Maughan, 1984; Peterson, 1984; Bjorøy et al., 1996; Stone, 1996; Stone, 2004) , and several burial history studies have modeled the timing of Phosphoria oil generation in these successor basins. Models in the adjacent Green River and Wind River Basins yielded Late Cretaceous generation ages (Roberts et al., 2004; Kirschbaum et al., 2007; respectively) ; whereas modeling in the Bighorn Basin yielded Paleocene generation ages (Heasler et al., 1996; Roberts et al., 2008) .
The source-rock facies of the Phosphoria Formation has Type II-S kerogen based on kerogen atomic S/C values >0.04 (Lewan, 1985; Sinninghe Damste et al., 1989; Eglinton et al., 1990; Orr and Sinninghe Damste, 1990) , and has generated oil with high sulfur content in relation to API gravity (Fig. 2) . Some of the Phosphoria oils in the Bighorn Basin have experienced secondary alteration in the reservoir by biodegradation, water washing, thermal cracking, or TSR (Barbat, 1967; Stone, 1967; Orr, 1974; Chung et al., 1981; Clayton, 1991; Bjorøy et al., 1996; Stone, 2004; Roberts et al., 2008) .
METHODS
The crude oil sulfur content was determined using a Carlo Erba 1110 elemental analyzer, and the density of the oils was measured with an Anton Paar DMA 4500 density meter, expressed as American Petroleum Institute (API) gravity in degrees. Crude oil samples were analyzed for d 34 S after being filtered with 0.45-micron PTFE syringe filters attached to a Luer-Loc glass syringe. Samples were weighed into tin boats with 1-2 mg of V 2 O 5 and analyzed for d 34 S by continuous flow methods using a Flash 2000 elemental analyzer coupled to a ThermoFinnigan Delta Plus XP mass-spectrometer (Giesemann et al., 1994 and Orr, 1974) showing Phosphoria-sourced oils in the Type II-S kerogen region (lines from Orr, 2001 ). Cretaceoussourced oils in the basin have low sulfur content (data from this study, NIPER, 1995).
1-g oil to 40-ml solvent) at room temperature. Asphaltene precipitates were separated by centrifugation and filtration with 0.45-micron PTFE syringe filters attached to a LuerLoc glass syringe. Asphaltenes were dissolved with chloroform and filtered through the aforementioned filter system, dried and weighed.
De-asphaltened oils were separated into saturated, aromatic, and polar hydrocarbon fractions using column chromatography with alumina-silica columns and successive elution with iso-octane, benzene, and benzene-methanol azeotrope, respectively. Gas chromatography of whole oil, saturated and aromatic hydrocarbon fractions was performed with an Agilent 6890A gas chromatograph (GC) equipped with a DB-1 capillary column (60-m long by 0.32-mm inner diameter) and a flame ionization detector (FID), using helium as carrier gas at constant flow rate (2.5 ml/min). The inlet and FID temperatures were set at 325°C. The GC oven temperature was programmed from 40 to 325°C at 4.5°C/min with a final hold time of 20 min. The GC was operated in splitless mode, and whole-oils were diluted in carbon disulfide approximately 1:100 w/w prior to injection.
Biological marker distributions of the de-asphaltened oil samples were determined on an Agilent 6890 gas chromatograph coupled with a JEOL GCmate magnetic-sector mass spectrometer by selected-ion monitoring (SIM) at massto-charge (m/z) ratios of 191.1800, 217.1956, 231.1174, and 253.1956 . The gas chromatograph used a DB-1 capillary column (60-m long by 0.32-mm inner diameter), splitless injector, and an oven-heating program of 50°to 150°C at 50°C/ min, 150°to 339°C at 3°C/min, and 339°C for 5 min.
The 13 C/ 12 C ratios of isolated saturated and aromatic hydrocarbon fractions (C 15+ ) of oil samples were determined using elemental analysis-isotope ratio mass spectrometry (EA-IRMS). Briefly, 0.5 mg of sample is introduced into a Carlo Erba 2500 elemental analyzer via an autosampler. The sample is burned in an oxygen atmosphere at 1030°C within a chromium oxide-filled quartz reactor. The resulting combustion products are dried over MgCl 2 , NO x components reduced to N 2 over hot copper (600°C), separated into CO 2 and N 2 via isothermal GC (Carbosieve-G, at 0.75 m Â 1/8 00 @ 70°C) and introduced into an Finnigan MAT 253 stable isotope ratio mass spectrometer via passive draw open split for subsequent stable carbon isotope analysis.
Carbon isotope values from the instrument undergo offline isotope corrections for drift and isotopic linearity due to any systematic error introduced in the autosampler, combustion, or chromatographic processes, and are normalized on the Vienna Peedee belemnite (VPDB) scale using calibrated, working laboratory standards. The final carbon isotope values represent the average of multiple replicate analyses (generally, n > 2) with a standard deviation of generally better than 0.2&. All final carbon isotope values are reported in delta notation (d 13 C, &) relative to the VPDB standard.
The Re and Os abundance and isotope compositions of the asphaltene fraction were determined following the protocols outlined in Selby et al. (2007) and Finlay et al. (2010) . The asphaltene fraction of the oil was analyzed because this fraction predominantly hosts >90% of the Re and Os and yields isotope compositions identical to that of a whole-oil analysis (Selby et al., 2007 (Smoliar et al., 1996) .
RESULTS
Oil samples from producing wells (except sample 18-oil from an exploratory well drill-stem test) were selected to be representative of the stratigraphic and geographic distribution of Phosphoria-sourced oils in the Bighorn Basin (Table 1) . Elemental and isotopic data from the oils are presented in Table 2 . API gravity of the oils ranges from 12.1 to 31.3 degrees, and sulfur content is high ranging from 1.6 to 3.9 wt.%. In contrast, oils derived from Cretaceous sources within the basin (e.g., Mowry and Thermopolis Formations) have sulfur contents less than 0.3 wt.% regardless of oil gravity (Fig. 2) . The trend of the Phosphoria oil data in Fig. 2 reflects, in part, a thermal maturity trend in which increasing thermal stress increases the gravity and decreases the sulfur content of oil (Stone, 1967; Orr, 1974; Chung et al., 1981; Bjorøy et al., 1996) . However, biodegradation may also influence this trend. The sulfur content-API gravity values (Fig. 2) of the Phosphoria-sourced oils indicate that they are generally derived from type II-S kerogen (Orr, 2001 ) which is consistent with Phosphoria kerogen analyses (Lewan, 1985; Sinninghe Damste et al., 1989; Eglinton et al., 1990; Orr and Sinninghe Damste, 1990; Price and Wenger, 1992) .
The asphaltene fractions of most of the oils are enriched in Re, typically containing tens to hundreds of parts per billion (ppb), with Os abundances of several hundreds to over 4400 parts per trillion (ppt) ( b GC, gas chromatography; UCM, unresolved complex mixture expressed as a baseline hump. Table 2 Elemental and isotope data of Phosphoria-sourced oils from Bighorn Basin. Sample C of saturated and aromatic hydrocarbons (Sofer, 1984 (Fig. 3) . The majority of the oils (n = 15) form a steep sloping trend (henceforth called the main trend), which yields a Model 3 Re-Os age of 239 ± 43 Ma with an initial 187 Os/ 188 Os value of 0.85 ± 0.42 and a mean square weighted deviation (MSWD) of 1596 (Fig. 4) . Outliers on this trend are oils from Hamilton Dome (sample 9) and Manderson South (sample 11) fields, with the latter sample having a significant error ellipse. The second trend in the Re-Os data is shown by four oils from the Torchlight (samples 14-16) and Lamb (sample 10) fields (henceforth called the Torchlight trend). These oils are also considered to be derived from the Phosphoria Formation (Orr, 1974; Bjorøy et al., 1996) . However, the Re-Os data yield a Model 1 isochron of Miocene age (9.24 ± 0.39 Ma) with an initial 187 Os/ 188 Os value of 1.88 ± 0.01 and a MSWD of 0.05 (Fig. 5 ). An isochron that includes two replicate analyses (samples 14r and 16r, Table 2 ) is nearly identical (9.24 ± 0.38 Ma, initial 187 Os/ 188 Os = 1.88 ± 0.01; MSWD = 0.49, Model 1, n = 6).
The d
34
S values of the oils range from À6.2& to +5.7& (VCDT), similar to Phosphoria-sourced oils of previous studies (Thode et al., 1958; Vredenburgh and Cheney, 1971; Orr, 1974) . The vast majority of Phosphoria-sourced oils from the Bighorn and Wind River Basins range in value from À7& to À2&, whereas oils with heavier isotopic values may have been altered by TSR (Orr, 1974) . The distribution of d
34 S values in this study is similar in that a natural break exists at about À2& dividing the oils into two groups (Fig. 6 ). We will assume that d 34 S values of the oils greater than À2& are a proxy for TSR. On this basis, two groups can be designated-non-TSR and TSR-with the Torchlight trend oils falling in the range of the TSR group (Fig. 6 ). The non-TSR oils show a weak inverse trend in relation to sulfur content whereas the TSR and Torchlight trend oils show no obvious trend.
The ranges of d 13 C values for the saturated and aromatic hydrocarbon fractions are À29.68& to À28.13& and À29.50& to À28.41& (VPDB), respectively, and are similar to Phosphoria-sourced oils from the Bighorn Basin reported in previous studies (Chung et al., 1981; Silliman et al., 2002; Lillis et al., 2003) . On Fig. 7 the Phosphoria oils plot in the nonwaxy (marine) oil region as defined by Sofer (1984) , although Butcher Creek (sample 1) plots closer to the waxy (terrigenous) oil region of the figure. The TSR and Torchlight trend oils are isotopically heavier, especially the saturated hydrocarbon fraction, consistent with oils al- Worland (19) wildcat (18) Torchlight (17) Rattlesnake (13) Marshall ( (Fig. 3 tered by TSR (Claypool and Mancini, 1989; Manzano et al., 1997) . Oils derived from Cretaceous source rocks in the Bighorn Basin are isotopically heavier than Phosphoria-sourced oils (Fig. 7) .
Gas chromatograms of whole oils, as well as those of saturated and aromatic hydrocarbon fractions, provide genetic and secondary petroleum alteration information. Pristane/phytane values range from 0.5 to 0.8 except Butcher Creek (sample 1), which has a value of 1.1 (Table 3) . The pristane/phytane values (less than unity) are consistent with measurements of Phosphoria oils in other studies (Stone, 1996; Silliman et al., 2002; Lillis et al., 2003; Kirschbaum et al., 2007) , and similar to bitumen extracts of the Phosphoria Formation (Claypool et al., 1978; Price and Wenger, 1992; Dahl et al., 1993) . Pristane/n-C 17 and phytane/n-C 18 values range from 0.26 to 1.11 and 0.36 to 2.01, respectively. These values correlate with the Phosphoria-sourced oils of Silliman et al. (2002) , except that oil samples 1, 5, 6, 10, and 16 have elevated values due to biodegradation. These parameters do not appear to discriminate TSR oils from non-TSR oils, whereas pristane/n-C 17 and phytane/ n-C 18 values decrease and pristane/phytane values increase in oils exposed to laboratory-simulated TSR experiments (Zhang et al., 2008) .
The effects of biodegradation are reflected in the gas chromatograms (e.g., Fig. 8 ) and were rated using a zero to ten scale (Peters et al., 2005; Fig. 16.11) . Most of the oils are nonbiodegraded (level 0), and none of the oils are biodegraded beyond level 3 based on the saturated hydrocarbons (n-alkanes completely eliminated and acyclic isoprenoids substantially depleted) and level 5 based on aromatic hydrocarbons (methyl-, dimethyl-, trimethylnaphthalenes and methylphenanthrenes eliminated) ( Table 1 ). In some cases oils rate a higher level of biodegradation based on aromatic hydrocarbons than based on saturated hydrocarbons (for example, samples 1, 3, 5, 6, 10, 15, 16, and 17) . Biodegradation and water washing effects on crude oil in a reservoir are sometimes difficult to distinguish as the two processes often occur together, and their effects on crude oil are similar in some respects. One distinguishing characteristic of water washing is the preferential removal of light aromatic hydrocarbons due to their higher solubility in water relative to n-alkanes of the same carbon number (Palmer, 1984; Lafargue and Barker, 1988; Kuo, 1994) . Oils showing higher values on the biodegradation scale based on aromatic hydrocarbons relative to saturated hydrocarbons may be reflecting the effects of water washing (Table 1). Bjorøy et al. (1996) observed a number of Phosphoria-sourced oils in the Bighorn Basin with a greater degree of water washing than biodegradation.
Biomarker data (Table 3 ) of the oils provide genetic, thermal maturity, and secondary petroleum alteration information. Biomarkers that reflect genetic (gammacerane/hopane, C 35 /C 31 -C 35 homohopanes) and mixed genetic and maturity information (Ts/Ts + Tm, C 23 tricyclic/C 23 tricyclic + C 30 hopane) of the oils are similar to the bitumen extracts of the Meade Peak and Retort Members of the Phosphoria Formation (Dahl et al., 1993) . Biomarkers that reflect the thermal maturity of the oils ((C 20 + C 21 )/(C 20 -+ C 21 + C 26 + C 27 + C 28 ) triaromatic steroids, TAS) are also comparable to that of the Phosphoria bitumen extracts of Dahl et al. (1993) except samples 11 and 18 show a higher level of thermal maturity based on the triaromatic steroids (TAS) ratio (Table 3) . Bjorøy et al. (1996) utilized the TAS ratio to evaluate the thermal maturity of Phosphoria-sourced oils in the Bighorn Basin and found that most oils were of "normal" maturity with TAS values less than 0.3, comparable to values in this study (Table 3) . Based on the hydrous pyrolysis experiments of Lewan et al. (1986) , the TAS value of 0.3 marks the end of bitumen generation and the beginning of oil generation from the Retort Phosphatic Shale Member of the Phosphoria Formation. Biomarkers can be altered by biodegradation at more severe levels (Peters et al., 2005) . However, none of the oils in this study have been biodegraded to a level that affects --------------increasing TSR ------------------- 34 S values of Phosphoriasourced oils from Bighorn Basin (this study and Orr, 1974) showing the effects of thermochemical sulfate reduction (TSR). Oils are divided into non-TSR or TSR (includes Torchlight trend oils) at the natural break at À2&. Average Permian sulfate is from Ault and Kulp (1959) and Vredenburgh and Cheney (1971) . (Sofer, 1984) . the biomarkers analyzed (m/z 191.1800, 217.1956, 231.1174, and 253.1956 mass chromatograms).
DISCUSSION

Re-Os geochronometry of the main-trend oils
The Re-Os isotope data on Fig. 3 show two different age trends. The main trend (Fig. 4) Sheldon, 1967; Stone, 1967; Claypool et al., 1978; Edman and Surdam, 1984; Maughan, 1984; Burtner and Nigrini, 1994 Os value of its source rock and the radiogenic in-growth since deposition (Selby et al., 2007; Finlay et al., 2011) . With the exception of the oil from Butcher Creek field (sample 1), the source of the oils in this study is interpreted to be the Phosphoria Formation. The Butcher Creek oil is a biodegraded Phosphoria-sourced oil that has a second charge of high-gravity Cretaceous(?) oil, based on the appearance of the gas chromatograms (Fig. 8) , pristane/phytane value >1, lower than expected asphaltene content (Table 2) , and a slightly higher d 13 C aromatic hydrocarbon value (Fig. 7) . However, this oil aligns (Dahl et al., 1993) . well with the main trend (Fig. 4) suggesting that the second charge contains little or no asphaltenes and thus would not contribute much Re or Os to the original oil. The two Phosphoria source members, Meade Peak and Retort, span over 5 m.y. of marine deposition (Fig. 1) and contain discernable differences in geochemical composition reflecting their depositional environments (Dahl et al., 1993) . Previous studies have identified subtypes of Phosphoria-sourced oils, but have not correlated these subtypes to a specific member of the Phosphoria Formation (Bjorøy et al., 1996; Silliman et al., 2002) . Similarly, the genetic biomarker parameters of oils in this study (Table 3) are generally intermediate in composition between the Meade Peak and Retort bitumen extracts of Dahl et al. (1993) , suggesting that both members are sources of these oils. However, samples 7 and 8 from Grass Creek field appear to correlate better with the Retort Phosphatic Shale Member based on C 35 /C 31 -C 35 homohopane values. Sample 7 also has anomalously high Re and Os content. Based on the available data, the oils in the main trend, with the possible exception of Grass Creek, are interpreted to be derived from both members of the Phosphoria Formation.
The range of 187 Os/ 188 Os values within the Phosphoria Formation is unknown. The temporal resolution of the marine Os isotope record through the Phanerozoic is poor due to a paucity of data, but significant variations during short (<1 m.y.) time intervals have been documented (Cohen et al., 1999; Peucker-Ehrenbrink and Ravizza, 2000; Turgeon and Creaser, 2008; Georgiev et al., 2011) . Thus, part of the scatter in the main-trend regression may reflect variations in the initial 187 Os/ 188 Os values due to the evolution of sea water chemistry over 5 m.y. from the beginning of Meade Peak to the end of Retort Member deposition.
Duration of petroleum generation
Previous studies have suggested that the age derived from a Re-Os isochron of petroleum reflects the timing of oil generation or migration (Selby et al., 2005; Selby and Creaser, 2005b; Finlay et al., 2011) . However, petroleum generation is not an instantaneous event, but may span millions of years depending on the burial and thermal history of the source rock and the generation kinetics of the source kerogen. For example, one-dimensional (1-D) burial-history models for wells in the Greater Green River Basin in southwestern Wyoming using Phosphoria Type II-S kinetics (Lewan, 1985) showed the duration of Phosphoria oil generation to range from 8 to 15 m.y (Roberts et. al., 2004) . The generative area (so-called petroleum source kitchen) of the Phosphoria petroleum system covers a four-state area including Montana, Idaho, Wyoming, and Utah, with the Meade Peak Phosphatic Shale Member occupying an area of approximately 118,000 km 2 and the Retort Phosphatic Shale Member occupying 143,000 km 2 (Maughan, 1975) . Oil generation progressed from west to east starting as early as Late Triassic in eastern Idaho with the oil window moving to western Wyoming by Early Cretaceous (Stone, 1967; Maughan, 1984; Stone, 2004) . A twodimensional burial-history model for eastern Idaho-western Wyoming constructed by Burtner and Nigrini (1994) shows the Phosphoria oil window moving eastward through time from 160 to 88 Ma during the development of the IdahoWyoming thrust belt, indicating that the duration of Phosphoria oil generation from the source kitchen may have been over 70 million years. Oil trapped in a field represents the cumulative charge throughout the duration of oil generation if migration paths remain intact in the same time frame (Larter and Aplin, 1995) . Thus, even if one assumes that the oil fields in the Bighorn Basin were directly charged from the source kitchen, the duration (>70 m.y.) of the Phosphoria oil window would cause scatter and imprecision in the main-trend regression.
Effects of oil migration
Oil migration of the Phosphoria petroleum system is widely regarded as a two-step process. Oil was generated from the Phosphoria Formation in eastern Idaho and western Wyoming, migrated eastward to central Wyoming where it was sequestered in a regional stratigraphic trap (or series of traps) until the Laramide orogeny formed the Bighorn Basin and structural traps that the oil resides in today. It is unclear whether oil migration affects Re-Os isotope systematics. The process of oil migration may homogenize the oil to some degree and possibly reset the Re-Os isotope isochron, but it cannot account for the range in Re/Os values observed in a set of oils from a single petroleum system (Selby and Creaser, 2005b) . The main-trend regression age (Triassic) does not appear to reflect the timing of re-migration (Late Cretaceous to Eocene) although the process may contribute to the scatter in the regression. It is likely that the migration and charging history of the Bighorn Basin oil fields is much more complicated, and each field has a distinct filling history. In future studies, isochrons constructed from oil samples from an individual field will likely yield a more precise result (e.g., Torchlight oils, see Section 5.2).
Effects of biodegradation and water washing
Biodegradation has been discounted as a significant effect on Re-Os isotope systematics (Selby et al., 2005; Selby and Creaser, 2005b; Finlay et al., 2011) based on the observation that most Re and Os in crude oil reside in the asphaltene fraction, which is more resistant to biodegradation, and that Re-Os isochrons from degraded oils have yielded low MSWD values. Similarly, the effects of water washing are unlikely to alter the Re and Os values because the asphaltene fraction has a much lower aqueous solubility than the saturated and aromatic hydrocarbon fractions in crude oil. To test these alteration effects, a regression of Re-Os isotope data was calculated from oils in the main trend that excluded the three most degraded oils from biodegradation or water washing. Excluding Butcher Creek (sample 1), Fourbear (sample 5) and Frannie (sample 6), the calculated regression yields a Model 3 ReOs age of 232 ± 77 Ma (initial 187 Os/ 188 Os = 0.93 ± 0.61; MSWD = 1990, n = 12). Clearly, this does not reduce the scatter (MSWD is higher). Furthermore, visual inspection of Fig. 4 shows that Butcher Creek and Four Bear oils align on the main trend more closely than the nondegraded outlier oils from Hamilton Dome (sample 9) and Manderson South (sample 11). Finally the Torchlight trend oils (Fig. 5 ) are all slightly biodegraded (level 1-2) and most are water washed (aromatics at level 5), yet the isochron has very little scatter (MSWD of less than one). Thus biodegradation and water washing (at this level of alteration) do not appear to be significant causes of scatter in the regression of the main trend (Fig. 4) .
Effects of thermal cracking in the reservoir
Thermal maturity of crude oil is a function of its generation and reservoir thermal history (Tissot and Welte, 1984, p. 461; Clayton, 1991) . Previous studies have proposed that some of the Phosphoria-sourced oils from the Bighorn Basin have experienced thermal cracking in the reservoir (Barbat, 1967; Stone, 1967; Orr, 1974; Chung et al., 1981; Clayton, 1991; Bjorøy et al., 1996; Heasler et al., 1996; Roberts et al., 2008) . However, Price (1997) concluded that no in-reservoir thermal cracking has occurred in the Phosphoria-sourced oils studied by Orr (1974) because reservoir temperatures are too low (80-120°C). Bjorøy et al. (1996) utilized the TAS ratio to evaluate the thermal maturity of Phosphoria-sourced oils in the Bighorn Basin and found that most oils were of "normal" maturity with TAS values less than 0.3, comparable to values of most of the oils in this study (Table 3) . Roberts et al. (2008) modeled Phosphoria oil cracking in wells in deeper portions of the basin using the cracking kinetics of Tsuzuki et al. (1999) and concluded that Phosphoria oil cracking only occurred in three of the deepest wells (present-day depths greater than 20,000 feet with another 4500-6500 feet of overburden removed). However, oils in this study and most oil production in the basin come from reservoirs at present-day depths less than 11,000 feet (Table 1) and are unlikely to have experienced the necessary thermal history for in-reservoir cracking.
Oils in this study show minor variations in stable carbon isotopes, gravity, sulfur content, pristane/n-C 17 , phytane/n-C 18 and biomarker maturity parameters that may reflect, in part, variations in biodegradation, water washing, TSR, and thermal maturity from oil generation. In contrast, evidence for significant in-reservoir thermal cracking is not apparent. Increases in d
13 C values previously attributed to in-reservoir cracking (Orr, 1974; Chung et al., 1981; Clayton, 1991) may be caused by oxidation during TSR (Fig. 9a and b) . There are, however, examples of oils in other studies in the Bighorn Basin that appear to have been thermally cracked in the reservoir, e.g., 52 API gravity oil at Fivemile field (Orr, 1974) and 42 API gravity oil at Golden Eagle field (Bjorøy et al., 1996) .
A possible exception in this study is the oil from Manderson South (sample 11) which has the highest thermal maturity based on the TAS ratio and API gravity. It also has the lowest osmium and sulfur content, and the largest error ellipse in Re-Os isotope data (Fig. 4) . This oil has possibly re-migrated from deeper in the basin (Orr, 1974) and may have experienced some thermal cracking. Alternatively, this oil has a high TAS value due to thermochemical sulfate reduction (Bjorøy et al., 1996) , which is supported by its high d 34 S value (Table 2 ). Thus, with the possible exception of Manderson South, thermal cracking in the reservoir does not appear to be a significant cause of scatter in the Re-Os regression of the main trend (Fig. 4) . However, the results presented here do not preclude the possibility that thermal cracking may disrupt Re-Os isotope systematics in other cases.
Effects of thermochemical sulfate reduction
Thermochemical sulfate reduction (TSR) is a post-accumulation alteration process that occurs in reservoirs containing anhydrite (CaSO 4 ) or another source of sulfate where petroleum is oxidized to CO 2 and sulfate is reduced to sulfide (Goldstein and Aizenshtat, 1994; Machel et al., 1995) . Other primary and secondary products of TSR include solid bitumen, metal sulfides, carbonate minerals, water, and various organosulfur compounds within the oil. Minimum onset temperatures are between 100 and 140°C (Machel, 2001 ) although Orr (1974) suggested TSR can occur at temperatures as low as 80°C in his pioneering study of TSR in the Bighorn Basin. Recent research suggests that there is a range of minimum temperatures depending on the petroleum composition, reservoir conditions, initial H 2 S content, kinetics of the reaction, and availability of anhydrite (Machel, 2001; Zhang et al., 2007) . An important geochemical change in petroleum altered by TSR is that the d 34 S of the oil approaches the value of the reacting sulfate mineral. Orr (1974) showed that the d 34 S values of some of the Phosphoria oils in the Bighorn Basin are isotopically heavier as a result of TSR utilizing the isotopically heavy sulfate (anhydrite) in the Phosphoria and equivalent evaporate formations (Goose Egg Formation). He suggested that unaltered Phosphoria oils have d
34 S values averaging about À4& and oils altered by TSR have d
34 S values as high as +8& approaching the composition of Permian sulfate (average +11.7&, Ault and Kulp 1959; Vredenburgh and Cheney, 1971 ; Fig. 6 ). Because the lithofacies transition between the Phosphoria Formation (carbonates) and Goose Egg Formation (evaporites) lies along the eastern edge of the Bighorn Basin (Campbell, 1962) , most of the TSR-altered oils (as reflected by high d
34 S values) reside in fields along the east side where higher concentrations of sulfate are available. Our d 34 S results are similar to the results of Orr (1974) and correspond spatially in that the highest d 34 S values lie along the eastern edge of the basin (Fig. 10) . The distribution of values of all data from the basin (this study and Orr, 1974 ) has a mode of À4.3& and a natural break between À2.7& and À1.2& (Fig. 6) . The distribution of d
34 S values of Phosphoria-sourced oils in the Wind River Basin (mode = À5.4&, Vredenburgh and Cheney, 1971 ) is very similar to that in the Bighorn Basin except that there are very few oils in the Wind River Basin altered by TSR. We interpret the modal groups in both basins to be Phosphoria-sourced oils without TSR alteration, and oils with d 34 S greater than À2& to have increasing amounts of TSR alteration. Based on this d 34 S proxy, the Manderson South (sample 11) oil is the most altered by TSR. The Torchlight trend oils also have isotopically high d 34 S values (+0.9& to +4.1&) consistent with TSR alteration (Fig. 6) . One oil from Torchlight field (sample 17) falls in the main trend (Fig. 4) and is apparently not altered by TSR based on its low d 34 S value (À2.8&). Bjorøy et al. (1996) analyzed the same oil (their sample W4-20) and interpreted it to be normal maturity oil not altered by TSR based on low dibenzothiophene and TAS ratios. We concur that this oil is not altered by TSR because it resides in an older reservoir (Ordovician Bighorn Dolomite and Mississippian Madison Limestone) where the oil is not in contact with sulfate minerals (or concentrated dissolved sulfate) as is the case in Torchlight field oils in younger reservoirs (samples 14-16).
Plots (Fig. 11b) show inverse linear trends for the non-TSR oils, and no trend for the TSR oils, strongly suggesting that TSR disrupts Re-Os isotope systematics. The cause of the in- Orr (1974) and triangles are data from this study.
verse trends observed for the non-TSR oils is unknown, but one explanation is that it represents a maturity trend for oil generation. The d 34 S value of unaltered oil primarily reflects the composition of the source kerogen, and thus has been useful for oil-source rock correlation studies (e.g., Thode, 1981; Orr, 1986; Cai et al., 2009 (Idiz et al., 1990; Amrani et al., 2005) and open-system experiments show up to 8& increase (Aizenshtat and Amrani 2004) . The d 34 S trend of oil is not likely due to thermal cracking in the reservoir (Thode et al., 1958; Thode and Monster 1970; Orr, 1974; Aizenshtat and Amrani 2004 Os values may be a function of thermal maturity related to oil generation, the main-trend regression (Fig. 4) may represent an interval of time, i.e., the duration of oil generation, rather than a single event.
Orr (1974) proposed that bacterial sulfate reduction (BSR) has occurred in four fields in the Bighorn Basin based on the dissolved sulfate in waters from these fields showing d 34 S enrichment over normal Permian sulfate. BSR in or near a petroleum reservoir could introduce isotopically light sulfur to oil (Manowitz et al., 1990; Cai et al., 2005) . However, the d 34 S values of those oils range from À4.4& to +4.3& and thus no consistent effect of BSR is reflected as low d
34 S values. To test the effect of TSR on the Re-Os scatter of the main trend (Fig. 4) , a series of regressions was determined from n = 4 to n = 14 in the order of increasing d
34 S values and evaluated on the basis of their MSWD (Table 4 ). All regressions that include Hamilton Dome (sample 9) have MSWD values of 1342 and greater. For unknown reasons, this oil is clearly an outlier from the main trend. Excluding Hamilton Dome, the regressions of non-TSR oils (d 34 S values ranging from À5.43 to À2.8, n = 4 to 8) have much less scatter with MSWD values between 134 and 175 (Table 4) . A regression with n = 8 (Fig. 12 ) yields an age of 211 ± 21 Ma with a MSWD = 148. This strongly suggests that TSR has disrupted the Re-Os systematics causing scatter in the main-trend regression (Fig. 4) . However, in the n = 9 regression that includes oil sample 4, the MSWD is 169 suggesting that minor TSR (based on d 34 S = À1.2&) may have a minimal effect on Re-Os isotopes.
The revised main-trend regression age of 211 ± 21 Ma (Fig. 12 ) falls near the earliest of the age range proposed for Phosphoria petroleum generation in previous studies (Late Triassic to Late Cretaceous), and is consistent with the expected timing of bitumen generation, which precedes S oil of Phosphoria-sourced oils from Bighorn Basin. The inverse linear relationship in non-TSR samples may reflect oil generation maturity, whereas the lack of trend in TSR oils suggests that ReOs isotopes are disturbed by thermochemical sulfate reduction. Table 4 Regression results of Re-Os isotope data from the main-trend oils from n = 4 to n = 14 in the order of increasing d oil generation (Lewan, 1985) . However, the process by which oil generation resets the Re-Os isotope systematics remains unclear. The low precision of the regression (±21 Ma) is perhaps the best that could be expected for a generation age given the long duration of generation from the large geographic area of the Phosphoria petroleum system source kitchen, and the possible variations in the initial 187 Os/ 188 Os values of the Meade Peak and Retort source units. Effects of re-migration also may have also contributed to the scatter but as noted earlier, thermal cracking and biodegradation likely have had minimal or no effect on the main-trend regression.
Re-Os isochron of the Torchlight trend oils
The Torchlight trend (Fig. 3) consists of three oil samples from the Torchlight field (Phosphoria and Madison reservoirs) and one oil from adjacent Lamb field that reside along the eastern margin of the Bighorn Basin (Fig. 1) . This trend yields a precise Re-Os isochron of Miocene age (9.24 ± 0.39 Ma) (Fig. 5) . Bjorøy et al. (1996) interpreted the Torchlight oils in Phosphoria and Tensleep reservoirs to be altered by TSR based on high dibenzothiophene and TAS ratios. We also interpret that the Torchlight trend oils have experienced TSR, based on high d
34 S values (Fig. 6) . One-dimensional burial-history models in the Bighorn Basin show that major uplift and erosion (up to 6500 feet) began at about 10 Ma . Subsequent reservoir cooling occurred in reservoirs of the Torchlight trend and most other fields along the margins of the basin. Thus the Miocene-age isochron of the Torchlight trend (Fig. 5 ) may represent the timing of the end of TSR due to reservoir cooling from uplift and erosion. Other fields in the basin with TSR-altered oil may show Miocene-age isochrons if multiple samples from the same field are obtained (e.g., Torchlight field) that reflect that field's cooling event. Because Torchlight field is the only field with multiple samples, there remains some uncertainty regarding inter-field versus intra-field variability. Stone (2004) discounted TSR in Torchlight field and proposed that Torchlight oils in Phosphoria and Tensleep reservoirs contain locally-derived Phosphoria oil generated at the latest stages of the Laramide orogeny (Eocene). Onedimensional burial-history modeling of Phosphoria oil generation in the deeper portions of the Bighorn Basin yield Paleocene generation ages (Heasler et al., 1996; Roberts et al., 2008) . Assuming that Phosphoria source rocks exist locally, the timing of generation (Paleocene or Eocene) is inconsistent with the Miocene age recorded by the Torchlight trend isochron.
The existence of Phosphoria source rocks located in the deep portions of the basin in a position to charge Torchlight field is unknown. Maughan (1975) reported Phosphoria outcrop samples of non-source quality from the southern margin of the basin with total organic carbon content less than 1 wt.%. The only oil-prone Phosphoria in the Bighorn Basin that we are aware of comes from a few core samples in wells along the western margin of the basin (USGS unpublished data). Interestingly, slight genetic differences in the Torchlight trend oil biomarker composition (e.g., C 26 tricyclic/C 24 tetracyclic values, Table 3 ) are recognized that are suggestive of, but do not require, local sourcing.
The mechanism for effects of TSR on Re-Os systematics is unclear. Although thermal maturation of organic-rich source rocks does not affect the ability of the Re-Os chronometer to yield a precise depositional age for such rocks (Creaser et al., 2002; Selby and Creaser, 2005a) , other studies have shown that low temperature (about 100°C) hydrothermal fluids can disturb Re-Os systematics of organicrich sedimentary rocks (Kendall et al., 2009b; Rooney et al., 2011) and oil accumulations (Finlay et al., 2010) . We suggest that the temperature and chemistry of TSR fluids provide conditions that deplete the organophilic and chalcophilic Re and Os residing in organosulfur ligands in oil by the oxidation of the ligands, or enrich Re and Os in the oil as new organosulfur ligands are generated from back-reacting hydrogen sulfide. Most of the oils altered by TSR are depleted in Re and Os relative to non-TSR oils (Table 2) , whereas the Torchlight trend oils (especially samples 14 and 16) are enriched, especially in rhenium. If ReOs isotopes are indeed shown to be reset by TSR of petroleum, Re-Os geochronology may find future applications in the timing of ore deposits involving thermochemical sulfate reduction in organic-rich sediments.
Mechanism for the formation of a Re-Os isochron in crude oil
The mechanism for the formation of a Re-Os isochron in crude oil has eluded geochemists ever since the phenomenon was first applied to the giant oil-sand deposits of Alberta, Canada (Selby and Creaser, 2005b However, another mechanism is needed to create the observed range in the 187 Re/ 188 Os values of an oil family that has allowed construction of reliable isochrons in previous studies. The search for a mechanism must consider that petroleum generation is not instantaneous, but represents an interval of geologic time (e.g., typically >1 m.y.). Therefore a single initial 187 Os/ 188 Os value is unlikely and a true isochron cannot be constructed for a family of crude oils generated over a wide age range. In this study, covariance of Re and Os isotopes with non-radiogenic parameters such as d 34 S oil values ( Fig. 11a and b ) as well as with d 13 C saturated hydrocarbon values and some biomarker parameters of the non-TSR oils (Table 3 ) reflects the petroleum generation process over an interval of time.
Using hydrous pyrolysis experiments on the Phosphoria Formation, Lewan (1985) showed that petroleum generation is a two-step process in which bitumen is generated from kerogen in the source rock, followed by oil generation from bitumen. From these experiments he derived the kinetics of oil generation, but not bitumen generation. The Re-Os age of Phosphoria oils in this study (Fig. 12) is near the earliest of the age range proposed for Phosphoria petroleum generation in previous studies, and is consistent with the expected timing of bitumen generation. Rhenium and Os reside predominantly in the asphaltene fraction of oil (Selby et al., 2007) , and asphaltenes are generated early in petroleum formation when bitumen is generated from kerogen (Lewan, 1985 (Lewan, , 1997 . More recent hydrous pyrolysis experiments on the Phosphoria Formation (Rooney et al., 2012; 250-325°C experiments in their  Table 4) show that generated bitumen contains more than threefold higher 187 Re/ 188 Os values than the source rock, whereas 187 Os/ 188 Os values change very little. If Re-Os isotopes are reset during bitumen generation from kerogen, an oil isochron would record a process that occurs earlier and possibly over a narrower time duration than the process of oil generation from bitumen.
The mechanism for the formation of a Re-Os isotopic relationship in a family of crude oils may involve multiple steps in the petroleum generation process. Bitumen generation from the source rock kerogen may effectively reset the isotopic chronometer by resetting the 187 Re/ 188 Os isotopic composition while transferring unchanged the 187 Os/ 188 Os isotopic composition of the kerogen at the time of bitumen generation. Incremental expulsion of oil over the duration of the oil window may provide some of the variation seen in 187 Re/ 188 Os values from an oil family.
CONCLUSIONS
Crude oils from the Bighorn Basin of Wyoming and Montana selected for this study are interpreted to be derived from the Permian Phosphoria Formation based on oil-oil and oil-source rock correlations. An oil from Butcher Creek field is a biodegraded Phosphoria-sourced oil that has a second charge of high-gravity oil of unknown (possibly Cretaceous) source. Most Phosphoria-sourced oils have d 34 S values between À7& and À2&, whereas oils from the Bighorn Basin range from À6.2& to +5.7&. Some of the oils along the eastern margin of the basin are isotopically heavier (greater than À2&) due to alteration in the reservoir by thermochemical sulfate reduction (TSR).
The Re and Os isotope data of the Phosphoria oils plot in two general trends with the main-trend oils (n = 15) yielding a Triassic age (239 ± 43 Ma) with an initial 187 Os/ 188 Os value of 0.85 ± 0.42 and a MSWD of 1596, and the Torchlight trend oils (n = 4) yielding an isochron of Miocene age (9.24 ± 0.39 Ma) with an initial 187 Os/ 188 Os value of 1.88 ± 0.01 and a MSWD of 0.05. The scatter in the regression of the main-trend oils is likely due to several factors including petroleum alteration due to TSR. A revised regression of the main-trend oils that excludes the TSR-altered oils yields an age of 211 ± 21 Ma with significantly reduced scatter (MSWD of 148).
This revised age (211 ± 21 Ma) is consistent with the expected timing of bitumen generation or the beginning of oil generation, and does not seem to reflect the source rock age (Permian, $270 Ma) or the timing of re-migration (Late Cretaceous to Eocene, $70-50 Ma) associated with the Laramide orogeny. The low precision of the revised regression (±21 Ma; $10%) is not unexpected for this family of crude oils given the long duration (>70 m.y.) of generation from the large geographic area of the Phosphoria petroleum system source kitchen, and the possible variations over 5 m.y. in the initial 187 Os/ 188 Os value of the Meade Peak and Retort source units within the Phosphoria Formation. In-reservoir thermal cracking, biodegradation, and water washing have minimal or no apparent effect on the main-trend regression.
The Phosphoria-sourced oil samples from Torchlight and Lamb field (Torchlight trend) yield a precise Miocene age Re-Os isochron. The Miocene age may reflect the end of TSR in the Torchlight field reservoir rock due to cooling below a threshold temperature in the last 10 m.y. due to uplift and erosion of the overlying rocks. A 3-D burial history model of the Bighorn Basin that includes both the kinetics of petroleum generation and thermochemical sulfate reduction might explain the Miocene Torchlight trend isochron, and identify potential oil accumulations that are derived from local Phosphoria sources.
The mechanism for the formation of a Re-Os isotope relationship in a family of crude oils may involve multiple steps in the petroleum generation process. Bitumen generation may provide a reset of the isotopic chronometer, and incremental expulsion of oil over the duration of the oil window may provide some of the variation seen in 187 Re/ 188 Os values from an oil family. tive reviews by Bernard Bingen, Joseph Curiale, and Michael Lewan, and editorial assistance by David Ferderer and Tom Judkins. Any use of trade, firm, or product names is for descriptive purposes only and does not imply endorsement by the U.S. Government.
